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A B S T R A C T
A general kinetic model for the photothermal oxidation of polypropylene has been derived from the basic
auto-oxidation mechanistic scheme in which the main sources of radicals are the thermolysis and
photolysis of the most unstable species, i.e hydroperoxides. Thermolysis is a uni- or bi-molecular reaction
whose rate constant obeys an Arrhenius law. In contrast, photolysis is exclusively a unimolecular reaction
and its rate constant is independent of temperature. According to the quantum theory, this latter is
proportional to the energy absorbed by photosensitive species and thus, accounts for the impact of UV-
light intensity and wavelength on the global oxidation kinetics.
The validity of this model has been checked on iPP ﬁlms homogeneously oxidized in air over a wide
range of temperatures and UV-light sources. It gives access to the concentration changes of: (i) primary
(hydroperoxides) and secondary (carbonyls) oxidation products, (ii) double bonds, (iii) chain scissions
and crosslinking nodes, but also to the subsequent changes in molecular masses. These calculations are in
full agreement with the photolysis results reported by Carlsson and Wiles in the 70s [1–3]. However, the
model seems to be only valid for UV-light energies equivalent to about 10 suns as upper boundary,
presumably because of multiphotonic excitations or chromophores photosensitization (i.e. termolecular
photo-physical reactions), both enhanced at high irradiances.
1. Introduction
There is an increasing demand of automotive industry for the
development of numerical calculation tools allowing to criticize
and enhance the representativeness of accelerated aging testing
methodologies and to predict the lifetime of polymer parts. In this
perspective, non-empirical kinetic approaches appear to be most
relevant since they would capitalize knowledge. The ﬁrst attempts
to model the oxidation kinetics of hydrocarbon polymeric
substrates were done by Tobolsky et al. [4,5] with the perspective
of predicting their long-term behavior. Their analytical model was
derived from an oversimpliﬁed mechanistic scheme in which the
radical chain oxidation was composed of only four elementary
chemical steps. Initiation consisted in the formation of radical
species either from the thermal decomposition of hydroperoxides
or from the effect of extrinsic factors (e.g. a radiation source).
Propagation took place in two successive stages: the rapid addition
of oxygen onto alkyl radicals followed by the slower hydrogen
abstraction on polymer substrate by peroxy radicals. Finally,
termination consisted only in the bimolecular combination of
peroxy radicals. Thus, according to these authors, thermal and
photochemical oxidation could be described by a very close
mechanistic scheme differing only by their initiation step. A
mathematical expression for oxidation rate was obtained through
the conventional concepts of chemical kinetics by making four
simplifying assumptions: (1) unicity of reactive site, i.e. oxidation
occurs exclusively on the most labile CH bond; (2) low conversion
ratios of oxidation process, i.e. concentration of reactive sites
remains virtually constant; (3) constancy of initiation rate in the
case of oxidation induced by an extrinsic factor; (4) and steady-
state for radicals concentrations in all oxidation cases, but also for
hydroperoxides concentration in the case of pure thermal
oxidation. This kinetic modeling approach turned out to be
astonishingly efﬁcient despite its apparent simplicity. It allowed
predicting accurately the homogeneous thermo-, photo- and
radio-oxidation of thin polymer ﬁlms (typically 100 mm thick)
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exposed under a sufﬁciently high oxygen partial pressure to fully
saturate the sample in oxygen, i.e. to reach the so-called regime of
oxygen excess.
Kinetic developments were then made by Bolland and Gee [6],
Reich and Stivala [7,8], Cunliffe and Furneaux [9,10] and Audouin
et al. [11], but also by Gillen et al. [12], with the objective to
describe other oxidation regimes of lower oxygen concentration
than oxygen excess. These authors added other possible termina-
tion reactions, namely bimolecular combinations of alkyl–alkyl
and alkyl–peroxy radicals, to the previous mechanistic scheme.
They obtained a hyperbolic expression for oxidation rate by
making two additional simplifying assumptions (in addition to the
previous four assumptions): (5) long kinetic chain; (6) and
existence of an interrelationship between termination rate
constants. This model allowed to describe the oxygen concentra-
tion dependence of the oxidation rate of thin polymer ﬁlms and to
determine the critical value of the oxygen partial pressure above
which oxygen is in excess. Moreover, when coupled with the Fick’s
second law (for oxygen diffusion) into an oxygen balance equation,
this model allowed also to accurately predict the concentration
proﬁles of oxygen and oxidation products in thick polymer samples
(typically few mm thick).
Since then, new kinetic developments were made by Gillen
et al. [12] and Colin et al. [13,14] to reduce the number of
questionable simplifying assumptions and thus, increase the
robustness of the analytical kinetic model.
In the eighties, the advances of the previous decades in the
elucidation of chain radical oxidation reactions and the emergence
of new numerical algorithms especially adapted for solving stiff
problems of chemical kinetics, enabled Sommersal and Guillet to
envisage the development of a numerical model for polyoleﬁns
photooxidation [15]. Their approach consisted in considering all
the possible elementary chemical steps (up to sixty) and assigning
them a rate constant whose value was determined on model
compounds, when possible. Such an exhaustive approach was very
attractive since it enabled to eradicate all the questionable
simplifying assumptions (except assumption 1), but it failed
because the numerical problem to be solved was largely oversized.
Indeed, for most oxidation cases, too many rate constants were
unknown and some of them were experimentally out-of-reach.
This observation encouraged our research team to propose an
alternative approach of kinetic modeling. It consists in deriving a
kinetic model from a simpliﬁed, but realistic, oxidation mechanis-
tic scheme by focusing on the critical oxidation path, i.e.
constituted of the main contributory reactions to photothermal
oxidation. In the case of pure thermal oxidation, it is called the
“closed-loop mechanistic scheme” (CLMS) [16–18], since, the main
source of radicals is the thermal decomposition of its main
propagation products, i.e. hydroperoxides.
In the early 2000s, this numerical tool has been extended to
solve oxidation problems initiated by extrinsic species or factors, in
particular gamma-irradiation in a nuclear environment [19]. Now,
it remains to extent this approach to the case of photothermal
oxidation. However, the quantitative impact of UV-light on the
initiation step of oxidation has not been clearly formalized. The
introduction of a term of photo-induced initiation in a numerical
model has been performed by Kiil in the case of the photooxidation
of epoxy coatings, but the corresponding initiation rate has been
described through an empirical law [20], whereas it would be
possible to use the quantum theory. A criterion, based on the
absorbed energy by photosensitive species, was recently proposed
in this purpose and tested through an analytical model [21]. This
theory allowed describing the competition between thermal and
photochemical initiations during polypropylene oxidation. How-
ever, the analytical treatment prevented from introducing
photochemical initiation by multiple photosensitive species, and
the values of quantum yields were excessive compared with the
experimental values reported by Carlsson and Wiles [1–3,22].
The objective of the present publication is to extend the
numerical kinetic model, beforehand established for pure thermal
oxidation, to the photothermal oxidation of isotactic polypropyl-
ene (iPP) by taking into account the additional effect of UV-light
sources. After having checked its validity, this model will be used
for investigating the relative predominance of two important
photosensitive species (namely peroxide type species and ketones)
in the initiation step of photothermal oxidation which, still today,
remains a controversial topic in the literature.
2. Experimental part
2.1. Materials
The iPP under investigation was supplied as pellets by Aldrich
(under the reference 427,888). Its main physico-chemical charac-
teristics are: MFI [230 C, 216 kg] = 12 g/10 min, Mw= 250 kg mol1,
Mn = 67 kg mol1 and PI = 3.7. Films of 80–135 mm thick were
processed by compression molding in a Gibitre laboratory press
during 1 min at 200 C under 20 MPa, and then puriﬁed from their
stabilizers by Soxhlet extraction for 48 h using dichloromethane as
solvent prior to aging experiments.
2.2. Photothermal aging
In order to decouple UV-light from thermal effects, iPP ﬁlms
were exposed under different light intensities and temperatures,
always in dry conditions. Photothermal aging experiments were
mostly performed on ﬁlms of 80 mm thick in a series of SEPAP
devices equipped with 80 W medium pressure arc mercury lamps
having a borosilicate ﬁlter. To vary the light intensity, the number
of lamps was changed from 2 to 4 lamps in a SEPAP 12-24 device,
and from 6 to 8 lamps in a SEPAP 50-24 device. Both light intensity
and emission spectrum were measured using a IL390C radiometer
in the 295–415 nm range and a Avantes spectro-radiometer
(AvaSpec 2048  14-USB2, 0.7 nm resolution) in the 250–750 nm
range respectively. Temperature was ﬁxed at 45, 60 or 80 C
according to the apparatus speciﬁcations and directly monitored
on sample surfaces using a thermo-button temperature logger. A
photothermal aging test was also performed on ﬁlms of 135 mm
thick in a WeatherO’Meter device (WOM) equipped with a xenon
lamp and borosilicate S/S ﬁlters. The black (BPT) and white
standard (WST, i.e. chamber) temperatures were ﬁxed at 70 and
55 C respectively. The temperature of the sample was found to be
intermediary at 64 C, whereas the irradiance at 340 nm was
measured at 0.46 W m2 nm1, without water spraying. The
thermal oxidation (in the absence of UV-light) was also
investigated in air-ventilated ovens for temperatures ranging from
60 to 140 C.
To ensure the test reproducibility (between samples stemming
from different batches during their puriﬁcation from stabilizers)
and to determine a sampling frequency suitable for an accurate
description of the oxidation kinetics (particularly fast under the
harsher aging conditions), it was decided to proceed in two
stages:
- A non-destructive monitoring of carbonyl oxidation products by
FTIR spectrophotometry, repeated for all aging conditions on
samples coming from three different batches.
- Both destructive (hydroperoxide titration, gel permeation
chromatography, DSC, etc.) and non-destructive analyses (FTIR
spectrophotometry) on samples from different batches, period-
ically removed from the aging devices.
This is the reason why different datasets are depicted for
carbonyl products in most of the aging conditions.
2.3. FTIR analyses
FTIR analyses were performed using a PerkinElmer spectropho-
tometer (16 scans, 4 cm1 resolution) in order to monitor aging by
basing on the peak of carbonyl at 1713 cm1 accounting for the
stretching (or valence vibration) of the C¼O bond with a molar
extinction coefﬁcient ﬁxed at e = 300 L mol1 cm1. Actually, the
FTIR absorbance only enables to perform semi-quantitative
titration of the different carbonyl species due to overlapping of
multiple carbonyl peaks (assigned to ketones, acids, esters, etc.).
The C¼C ethylenic unsaturations were also tentatively moni-
tored using the peak at 1645 cm1 which results from the
stretching or valence vibration y of vinyl, vinylidene and cis-
vinylene groups (peaks are assigned according to reference [23]).
This mode of vibration appears at 1680 cm1 for trans-vinylene
and tri- or tetra-substituted oleﬁns, and thus, is partially
overlapped by the increasing carbonyl peaks of oxidation products.
All the other characteristic peaks identiﬁed for vinyl (at 910 and
990 cm1), vinylidene (890 cm1), cis-vinylene (690  40 cm1),
trans-vinylene (965 cm1) and tri-substituted oleﬁns (815  25
cm1) turns out to be unemployable either because of insufﬁcient
absorption or because of overlapping with polypropylene charac-
teristic peaks. In such conditions, only the peak at 1645 cm1 is
relevant for monitoring the double bonds formed during the
course of photothermal oxidation, in particular vinylidenes or tri-
substituted oleﬁns by disproportionation (see further termination
steps 4 and 5), or cis- and trans- vinylene as well as vinyl groups by
the Norrish 2 reaction. Although only a part of these species are
titrated at 1645 cm1, a value of e = 20 L mol1 cm1 [24] was
chosen for the molar extinction coefﬁcient, after having checked
that it successfully accounts for the concentration of C¼C double
bonds, at least for those generated by disproportionation during
thermal oxidation.
2.4. Hydroperoxides titration
The iodine method was chosen to perform hydroperoxides
titration, instead of the sulﬁde dioxide or ferrous cyanate reactive
methods, due to its better reliability for polypropylene [25,26]. This
former is based on the reduction of hydroperoxides by sodium
iodide in an acidic medium according to the reaction:
R3COOH þ 3I þ 2H ! R3COH þ I3 þ H2O
The concentration of I3 ions was titrated by UV spectrophotom-
etry at 355 nm using a PerkinElmer Lambda 35 device and a molar
extinction coefﬁcient of e = 25000 L mol1 cm1. About 10 mg of PP
sample and 7 ml of a solution of isopropanol and acetic acid
solvents mixture (10:1) were introduced into a two neck glass ﬂask
equipped with a bulb condenser. When reﬂuxing, 2 ml of sodium
iodide dissolved in isopropanol (200 g L1) was added with a
syringe throughout the side neck. After 10 min, the mixture was
quenched up to room temperature with 25 ml of distilled water. It
is noteworthy that the previous iodometry procedure does not
enable discrimining between hydroperoxides, peracids and
peresters. Dialkyl peroxides would not be titrated in theory except
if chlorhydric acid is used instead of acetic acid as a catalyst. The
accuracy on concentration measurement was estimated to be
7.5 mol%.
2.5. Molecular weight measurement
Gel permeation chromatography (GPC) experiments were
performed with a PL-GPC 220 high temperature device
commercialized by Agilent Technologies. The GPC was equipped
with a guard column and two columns branded PLGel Olexis as
well as a refractive index detector. The eluent was 1,2,4-
trichlorobenzene (Chromasolv, Sigma–Aldrich) stabilized with
0.03 wt% of 2,6-di-tert-butyl-4-methylphenol (BHT, Fluka). It was
ﬁltered with a 0.2 mm pore size membrane (in PTFE, Whatman)
before use. The injection volume was 200 ml and the ﬂow rate was
1.0 ml/min. PP samples were dissolved in 1,2,4-trichlorobenzene/
BHT (0.3 wt%) using a PL-SP 260-VS high temperature sample
preparation system (PL Ltd.) at 135 C during 20 min. The
calibration curve was established from four Polystyrene Shodex
narrow standards of respective molecular weights of 1,470,000,
257,000, 46,500 and 7,210 g mol1. Results were then corrected
using the so-called “universal calibration”, based on the well-
known Mark–Houwink’s relationship (Eq. (1)) with the coefﬁcient
values reported in Table 1.
h½  ¼ K  Ma (1)
2.6. Crystallinity ratios measurement
Differential scanning calorimetry (DSC) was performed on
10 mg sample weight with a TA Q1000 calorimeter under a
nitrogen ﬂow. A temperature ramp of 10 C min1 from 30 to 200 C
was applied in order to minimize the annealing phenomena.
Crystallinity ratios were calculated taking a melting enthalpy for
crystalline lamellae of DH0m= 209 J g
1. The initial crystallinity value
was 45  3 wt%.
3. Theory
3.1. Multi-closed-loop mechanistic scheme (MCLMS)
The basic idea of the kinetic modeling approach, ﬁrst
formulated by Tobolsky [4,5], is that the different kinds of
oxidative aging (i.e. thermo-, radio- and photo-oxidation) differ
exclusively by the nature of their initiation step. Thus, the
mechanistic scheme of photothermal oxidation can be obtained
by introducing, into the now common “closed-loop mechanistic
scheme” (CLMS) previously established for pure iPP thermal
oxidation [30,31], additional initiation steps due to the effect of
UV-light, in particular the photolysis of cleavable photosensitive
species (i.e. chromophores). The CLMS has been recently updated
for iPP [30,31]. It is brieﬂy reminded in the next section.
3.1.1. Thermal nucleus
Initiation
(1u) POOH ! 2P + (1  g1) POH + g1P¼O + H2O + gsS (2PH) (k1u)
(1b) 2POOH ! P + PO2+ (1  g1)POH + g1P¼O + H2O + gsS (PH)
(k1b)
Propagation
P + O2! PO2 (k2) (2)
PO2 + PH ! POOH + P (k3) (3)
Table 1
Coefﬁcients used for the universal calibration.
Materials K (103ml g1) a References
Polystyrene standards 13.8 0.70 [27,28]
Polypropylene 15.2 0.76 [29]
Termination
P + P! g4P—P + (1  g4)PH + (1  g4)F + g4B (k4) (4)
P+ PO2! g5POOP + (1  g5)POOH + (1  g5)F + g5B (k5) (5)
(6a) PO2 + PO2! [POOP]cage + O2 (k6a)
(6b) [POOP]cage! POOP + B (k6b)
(6d) [POOP]cage! 2P + 2(1  g1)POH + 2g1P¼O + 2gsS (2PH)
(k6d)
The CLMS constitutes the thermal nucleus of the mechanistic
scheme for the photothermal oxidation of iPP. The main source of
radicals is the thermal decomposition of hydroperoxides (POOH)
which are the primary oxidation products generated in the
propagation step. Thereby, hydroperoxides govern the oxidation
kinetics and determine the length of the induction period.
In this scheme, PH accounts for tertiary CH groups (i.e.
methynes) which are considered as the unique oxidation site of
polymer chain. Their radical attack leads to a large variety of
degradation products, in particular:
(i) Reactive species formed in addition to POOH, such as alkyl P
and peroxy radicalsPO

2.
(ii) Inactive products accumulating in the polymer matrix during
the course of oxidation, such as: peroxides POOP, alcohols
P—OH, double-bonds or unsaturations F, and ketones or
assimilated carbonyl products P¼O. They are all denoted as
secondary oxidation products, since they result from the
decomposition of primary oxidation products (POOH).
(iii) Macromolecular events contributing to the modiﬁcation of
polymer physical and mechanical properties, such as chain
scissions S on the main polymer chain and crosslinks
B (i.e. chemical bridges) between two adjacent polymer
chains.
Different stoichiometric coefﬁcients have been introduced as
yields for describing the competition between several elementary
reactions in balance reactions. For instance, g4 and g5 are the
respective yields of recombination by coupling of alkyl–alkyl and
alkyl–peroxy radicals vs. disproportionation in termination steps.
Moreover, g1 is the yield in b-scission (leading to ketones) face
to hydrogen abstraction (leading to alcohols) in both unimolecular
(1u) and bimolecular initiation steps (1b). For the sake of
simplicity, gs accounts for to b-scissions on the main polymer
chain (denoted by S), which signiﬁcantly impact the molecular
mass, contrarily to b-scissions on side-chain and end-chain groups
which generate small volatile organic compounds.
From a practical point of view, it is more convenient to consider
an apparent yield g1app for carbonyl products owing to the high
uncertainty on their nature and the value of their molar extinction
coefﬁcients at 1713 cm1.
Finally, it is likely that formalizing the competition between
propagation (by hydrogen abstraction) and recombination of
alkoxy radicals through a cage reports the thermolabile feature of
peroxide bridges.
3.1.2. Photochemically induced initiation processes
To account for the effect of UV-light, several important photo-
induced reactions have to be considered. Since UV-light is an
extrinsic source of radicals, the decomposition reactions of all
photosensitive species (i.e. chromophores) identiﬁed as cleavable
have been introduced into the previous CLMS. These reactions are:
(i) the photolysis of hydroperoxides, through the scission of O—O
bond, (ii) the analogous photolysis of peroxide bridges, since, these
latter are still more photosensitive than hydroperoxides, (iii) the
homolytic scission (in a-position) of ketones, also named Norrish
1 reaction, (iv) and the Norrish 2 reaction, through a concerted
mechanism involving a six centers rearrangement.
These reactions are all the more relevant to consider that they
have been identiﬁed as the main sources of chain–scission and
thus, appear as critical in order to simulate the subsequent changes
in mechanical and aspect properties.
It is noteworthy that the amount of ketones has been properly
formalized here by differentiating them from other carbonyl
species, since they do not accumulate in the polymer matrix
anymore: ketones are now submitted to photolysis processes (in
particular, Norrish 1 reaction) because they absorb UV-light above
290 nm, unlike other carbonyl products such as esters or carboxylic
acids. Besides, it has been necessary to differentiate middle-chain
from end-chain ketones (i.e. methyl ketones), denoted as ketones A
(KA) and ketones B (KB) respectively, since their formation
(by photolysis of alkyl- and hydro-peroxides) and decomposition
(by Norrish 1 and 2 reactions) do not involve the same scission
position along the polymer chain. Indeed, ketones KB are formed by
b-scissions on the main polymer chain, whereas ketones KA result
from b-scissions on side-chain methyl groups. Their respective
yields were written g01 and g
00
1. They satisfy the following equality:
g1 ¼ g01 þ g001. Moreover, only Norrish type reactions on ketones KA
lead to scissions on main polymer chain, unlike those on ketones KB
which induce scissions near chain extremities.
Hydroperoxides decomposition can be written through the
following sequence of elementary chemical steps:
POOH + hn ! PO + HO (k1h)
g01PO
 ! g01KA þ P

nontertiary
g001PO
 ! g001KB þ P

nontertiary þ gsS
P

nontertiary þ PH ! PHnontertiary þ P

1  g01  g001
 
PO
 þ PH ! 1  g01  g001
 
POH þ P
HO + PH ! H2O + P
Then, the balance reaction is:
(1h) POOH + hn ! 2P + 1  g01  g001
 
P—OH +g01KA +g
00
1KB + H2O +
gsS (2PH) (k1h)
Its rate is governed by the slowest step, i.e. the scission of O—O
bond. Thus, hydroperoxides decomposition by UV-light is assumed
to be exclusively unimolecular. Indeed, from a photophysical point
of view, the photo-induced bimolecular decomposition of hydro-
peroxides would apply to a termolecular process whose probabili-
ty of occurrence would be very low in most of cases. This
assumption will be discussed further in a section dedicated to
termolecular processes in general.
Regarding all peroxide type species, the photolysis of peroxide
bridges must be also considered. Indeed, these latter are known to
be more photosensitive (due to their higher molar extinction
coefﬁcient) than and almost as cleavable as hydroperoxides [1,3].
The sequence of elementary chemical steps is similar as for
hydroperoxides, except that photolysis generates two alkoxy
radicals instead of one alkoxy and one hydroxy radicals. Thus, the
writing of the balance reaction is immediate:
(1p) POOH + hn ! 2 1  g01  g001
 
P—OH + 2g01KA + 2g
00
1KB + 2gsS
(2PH) (k1p)
Norrish 1 reaction generates an acyl radical which is assumed to
undergo a total decarbonylation to give ﬁnally an alkyl radical.
KA + hn ! P¼O + Pnontertiary + S (kN1A)
KB + hn !nP¼O + Pnontertiary (kN1B)
P¼O! Pnontertiary + CO%
Pnontertiary + PH ! P + PH nontertiary
Hence, the corresponding balance reactions for ketones A and B
are:
(N1A) KA + hn ! 2P + CO% + S (2PH) (kN1A)
(N1B) KB + hn ! 2P + CO% (2PH) (kN1B)
Norrish 2 reaction consists in a six-membered mechanism
which does not produce radicals, but transforms the middle-chain
ketone KA into an end-chain ketone KB (methyl ketone). In contrast,
it eliminates ketone KB in the form of a volatile product (acetone).
(N2A) KA + hn ! KB + F + S (kN2A)
(N2B) KB + hn ! F + Ac% (kN2B)
where F designates a vinylene double bond.
Therefore, the general mechanistic scheme for the photo-
thermal oxidation of polypropylene potentially involves several
closed-loops, since peroxide type species and ketones are all
‘critical species’ which decompose into radicals meanwhile they
are produced during the oxidation process. Thereafter, it will be
called “multi-closed loops mechanistic scheme” (MCLMS) (Fig. 1).
3.2. Kinetics in photochemistry
3.2.1. Quantum theory
According to the ﬁrst law of photochemistry (Grotthus,
1817 and Drapper, 1843), only the UV-light absorbed by a molecule
can lead to photochemical changes. According to the second law of
photochemistry (Stark–Einstein, 1908), this is a one-quantum
process. In the case of hydroperoxides photolysis, the absorption of
light is attributed to the forbidden s*  n transition from a non-
bonding orbital to an anti-bonding valence orbital. As a conse-
quence, the excited state is not stable and its absorption spectrum
(i.e. the spectral distribution of molar extinction coefﬁcient) is very
diffuse. This result thereby explained both the high cleavability and
the relatively low value of the molar extinction coefﬁcient of
hydroperoxides. At this stage, it is valuable to precise that the
molar extinction coefﬁcient accounts for the probability that an
incident quantum will be absorbed by a molecule after a collision
(the reader may refer to Calvert and Pitts [32] or Ranby and Rabek
[33] for more details).
In the case of ketones, the main absorption band, whose
maximum appears between 280 and 320 nm in the UV–vis range,
corresponds to the excitation of an electron from a non-bonding to
an anti-bonding orbital (p*  n transition), mainly localized on the
carbonyl group. The absorption in the far UV-range corresponds to
the p*  p transition for the excited electron, which is delocalized
over the entire molecule.
Once excited from ground state S0 to singlet excited state S1, the
molecule can desexcite though different elementary steps (bond
dissociation, intramolecular isomerization, ﬂuorescence, phos-
phorescence, internal conversion or vibrational (i.e. non-radiative)
relaxation), denoted as kinds of primary processes since they result
from the immediate effect of light on the absorbing molecule. In
contrast, the secondary processes consist in subsequent chemical
reactions undergone by excited molecules or in the production of
radicals by the primary processes. It is thus possible to calculate
the efﬁciency, i.e. the probability of occurrence, of the bond
dissociation (by photolysis) compared with other competitive
primary processes. Since it is a one-quantum mechanism, the sum
of the quantum yields of all these elementary photochemical
processes is equal to unity (Stark–Bodenstein, 1913). On the
contrary, when secondary processes are involved, the quantum
yield of this phenomenon can be greater than unity. This is the
case, for instance, for chain scission processes.
3.2.2. Formalism and calculation of the rate constants of photo-
induced reactions
The temperature dependence of thermal oxidation is described
by applying the Arrhenius law to the rate constant ki of each
elementary reaction (i):
ki ¼ k0i exp
Eai
RT
(2)
with k0i the pre-exponential factor and Eai the activation energy.
Analogously, a suitable formalism must be found to report the
kinetic dependence of photo-induced reactions with the amount of
“radiant” UV–vis energy. According to the quantum theory, the
initiation rate by a given photosensitive species X (i.e. a
chromophore) can be written as the product of the energy
absorbed by the photolysis efﬁciency, i.e. the probability that an
absorbed photon triggers the chemical bond dissociation:
d X½ 
dt
cphotolysis ¼ F lð ÞX  Iabsn (3)
with [X] the concentration of the chemical species X (in
mol L1),Iabsn the volumic absorbed energy (in Einstein L
1 s1),
and F(l)X the quantum yield of photolysis efﬁciency (in mol Ein-
stein1, dimensionless).
This energy absorbed by the photosensitive species consists in
the overall quanta energy satisfying the authorized electronic
transitions. It can be thus deduced by calculating the overlap
between the spectral distribution of molar extinction coefﬁcient
Fig. 1. Multi-closed-loops mechanistic scheme for the photothermal oxidation of
polypropylene.
and the energy emitted by the UV-light source. It can be written as:
Iabsn ¼
Zlmax
lmin
lnð10Þ
10
EðlÞ
Na
l
hc
eXðlÞDz½X
Dz
dl (4)
with E(l) the spectral irradiance of the light source including ﬁlters
(in W m2 nm1),Na the Avogadro’s number,h the Planck constant
equal to 6.623  1034 J s,c the light celerity (in m s1), l the
wavelength (in m),eX(l) the spectral distribution of the molar
extinction coefﬁcient (in L mol1 cm1),[X] the concentration of
the photosensitive species X (in mol L1),and Dz the sample
thickness (in m).
Since the concentration [X] is a separate variable, it is possible
to calculate the spectral overlap integral of light absorption JX (in
Einstein mol1 s1), chosen here as the relevant criterion indepen-
dent of concentration to describe oxidation, and deﬁned as:
JX ¼
Iabs
½X ¼
Zlmax
lmin
lnð10Þ
10
EðlÞ
Na
l
hc
eXðlÞdl (5)
It is thus noteworthy that the product F  J is homogeneous to
the rate constant of a unimolecular decomposition (i.e. expressed
in s1). If k1x designates the corresponding rate constant, it can be
thus written, for a given chemical species X: k1x = FX JX.
3.2.3. Domains of validity
Thus, the presented theory of quantum photochemistry only
deals with the “bimolecular” interaction of a UV-light quantum
with a molecule, i.e. an unimolecular photo-induced bond
dissociation. In other words, this is not suitable for treating the
case of termolecular reactions (involving two molecules and a
quantum). The probability of collision between three species is
usually considered as very low, but could occur in several cases:
two molecules would be associated in a relative stable complex,
whose lifetime would be long enough to allow a quantum
absorption. This is all the more likely for high density (concentra-
tion) of quanta and so, high irradiance. Applying the quantum
theory would be theoretically possible by formalizing the transient
state for a molecule in a complex, but the absorption features of
such an intermediate species are unclear and experimental data
are very scarce.
The other complication for high UV-light intensities would be the
occurrence of biphotonic (or multiphotonic) excitations, which
consist in a quantum absorption by a molecule already excited by a
previous absorption. Such a phenomenon is considered as negligible
for sufﬁciently low irradiances regarding at the short lifetime of
excited states. Admittedly, it remains possible to consider the notion
of three-states quantum yields in order to account for the excitation
of the excited states higher than S1, but this problem would be
practically out-of-reach because of the overcomplexity of phenom-
ena. As a result, it will be considered that the validity of the kinetic
model is restricted to monophotonic excitations.
3.2.4. Application to kinetic modeling
Solving a problem of photothermal oxidation requires before-
hand the determination of unknown kinetic parameters, in
particular F and J, as well as the setting of several simplifying
assumptions:
(i) The quantum yield must be independent of temperature. This is
theoretically true for primary processes according to Calvert
and Pitts [32]. Guillet et al. [34] measured the temperature
dependence of the quantum yield of Norrish type reactions.
They found an activation energy of 3.5 kJ mol1 for fN2 in the
case of 8-pentadecanone, which is a rather moderate value.
They observed activation energies of 20 and 21.7 kJ mol1 for
fN2 in the case of 8-pentanedecanone and polyethylene-co-
carbon monoxide (PE-co-CO) respectively. This latter temper-
ature dependence was presumably assigned to a radical
diffusion facilitated at high temperature, thereby promoting
cleavage according to the Frank–Rabinowitch’s principle (cage
effect). Besides, it is noteworthy that this quantum yield was
measured basing on the emission of carbon monoxide, whereas
decarbonylation is expected to be thermally activated [35].
(ii) The quantum yield must be independent of the molecular
weight of photosensitive species. Otherwise, it would change
with the amount of chain scissions and thus, would be time-
dependent. This assumption has been investigated by Guillet
et al. in the case of Norrish 1 reaction for model compounds,
again basing on the yield in carbon monoxide [34,36]. They
found no change with molar mass in the case of molecules
containing more than 30 carbon atoms.
The quantum yield must remain unchanged along time, i.e.
must be independent of the conversion degree of oxidation. To
apprehend this issue, it is relevant to carefully study photochemi-
cal processes, especially Norrish type reactions. For instance,
Norrish 2 rearrangement would happen from both singlet S1 and
triplet T1 excited states [37]. In a non-polar solvent, such as hexane,
this reaction would be twice more likely to occur from T1 than S1
for both aliphatic and acyclic ketones according to studies made on
poly(ethylene-co-carbon monoxide) [37] and molecular model
compounds [38,39]. However, only rearrangements from singlet
state would be independent of the solvent polarity. These results
suggest that the quantum yield for the Norrish 2 reaction is prone
to change with the polymer polarity, thus restraining the validity of
the kinetic model to low conversion degrees of oxidation for which
polarity changes are negligible.
 Theoretically, the quantum yield is wavelength dependent, so its
spectral distribution F(l) should be considered. This dependence
can be explained, for instance, by the settlement of higher excited
states than S1. Their direct determination can be tentatively
performed on model compounds by using monochromatic UV-
light sources, for instance lasers, in the case of ﬂash photolysis
techniques. These spectral distributions have been compiled for
tert-butyl hydroperoxide [40] and various ketonic products
[41,42], as depicted in ﬁgures B1 and B2 in Supporting
information. The photolysis of macromolecular photosensitive
species could also be investigated by using other types of
monochromatic UV-light source, such as LED, or polychromatic
sources with ﬁlters of narrow bandwidth [43,44]. In practice, it is
more convenient to consider that the quantum yield is constant in
the whole spectral range, i.e. that its spectral distribution can be
neglected. Such a hypothesis is not unrealistic, considering that
the efﬁcient wavelength range is restricted to few decades of
nanometers in current photochemical aging conditions.
3.3. Model equations
3.3.1. System of differential equations (SDE)
The MCLMS can be translated into a system of ordinary
differential equations (SDE) describing the local concentration
changes in relevant chemical species by using the classical
concepts of chemical kinetics. This SDE can be written as
(Eq. (6–14)):
d[P]/dt = 2klu [POOH] + klb[POOH]2 k2[P][O2] + k3[PO

2][PH]
 2k4[P]2 k5[P][PO

2] + 2k6d[PO
OP] + 2wPOOHJPOOH[POOH] + 2
wN1aJK[KA] + 2wN1bJK[KB] + 2wPOOPJPOOP[POOP] (6)
d½PO2
dt
¼ k1b½POOH2 þ k2½P
 ½O2  k3½PO

2½PH  k5½P
 ½PO2
 2k6a½PO

22 (7)
d[POOH]/dt = klu [POOH]  2klb[POOH]2 + k3[PO

2][PH]
+ (1g5)k5[P][PO

2]  wPOOHJPOOH[POOH] (8)
d[PH]/dt = 2klu [POOH]  klb[POOH]2 k3[PO

2][PH] + (1g4)
k4[P]2 2k6d[POOP]
 2wPOOHJPOOH[POOH]  2wN1JK[KA]  2wN1JK[KB]  2
wPOOPJPOOP[POOP] (9)
d½POOP
dt
¼ k60½PO

22  ðk6b þ k6dÞ½PO

OP (10)
@½O2
.
@
t ¼ DO2 @
2 ½O2
.
@
z2  k2½P
 ½O2  k6a½PO

22 (11)
d[KA]/dt = g1a(klu[POOH] + klb[POOH]2 + 2k6d[POOP] +
wPOOHJPOOH[POOH] + 2wPOOPJPOOP[POOP])
 wN1JK[KA] 
wN2JK[KA] (12)
d[KB]/dt = g1b(klu[POOH] + klb[POOH]2 + 2k6d[POOP]
+ wPOOHJPOOH[POOH] + 2wPOOPJPOOP[POOP])
 wN1JK[KB]  wN2JK[KB] + wN2JK[KA] (13)
d½POOP
dt
¼ g5k5½P
 ½PO2 þ k6b½PO

OP  wPOOPJPOOP½POOP (14)
where [P], [PO

2], [POOH], [PH], [PO
OP], [O2], KA, KB and [POOP]
are the respective concentrations in alkyl and peroxy radicals,
hydroperoxides, tertiary CH groups, cage paired alkoxy radicals,
oxygen, ketones of type A (middle-chain ketones) and B (end-chain
or methyl ketones), and peroxide bridges. DO2 is the coefﬁcient of
oxygen diffusion into the semi-crystalline polymer, here consid-
ered constant and independent of time (i.e. of conversion degree of
oxidation).
Although the present study is only focused on homogeneously
oxidized iPP ﬁlms, the Fick’s second law (for oxygen diffusion) has
been directly introduced into the oxygen balance equation (i.e.
Eq. (11)) in order to take into account the possible effects, even
small, of the diffusion-limited oxidation (DLO).
From this SDE, it is also possible to calculate the local
concentrations in chain scissions S and crosslinks B (covalent
bridges), or even in double bonds F (unsaturations):
dS/dt = g1b(klu[POOH] + klb[POOH]2 + 2k6d[POOP]
+ wPOOHJPOOH[POOH] + 2wPOOPJPOOP[POOP]) + wN1JK[KA]
+ wN2JK[KA] (15)
dB
dt
¼ g4k4½P
 2 þ g5k5½P
 ½PO2 þ k6b½PO

OP
 ’POOPJPOOP½POOP (16)
dF
dt
¼ g4k4½P
 2 þ g5k5½P
 ½PO2 þ ’N2JK½KA þ ’N2JK½KB (17)
3.3.2. Initial and boundary conditions
Initial conditions are the same throughout the sample
thickness. Thus, at t = 0, and 8 z 2 [0; L]:
[P] (0, z) = [PO2] (0, z) = [POOP] (0, z) = 0 mol L1
[PH] (0, z) = [PH]0 20.3 mol L1
[POOH] (0, z) = [POOH]0 = 4 103mol L1
[P¼O] (0, z) = [P¼O]0 = 104mol L1
[O2] (0, z) = Cs
Boundary conditions at the ﬁlm surfaces (i.e. at z = 0 and z = L)
are:
8 t > 0, [O2] (t, 0) = [O2] (t, L) = Cs
with Cs the oxygen concentration (in mol L1) in the polymer in
equilibrium with the atmosphere under an oxygen partial pressure
PO2 given by the Henry’s law:
Cs ¼ PO2  SamO2 (18)
where SamO2 is the coefﬁcient of oxygen solubility in the polymer
(in mol L1 Pa1) here taken in the amorphous phase, i.e. only
where oxygen is soluble [37,38].
3.3.3. Boundary conditions due to aspects of geometrical optics
Inphotothermaloxidation,oxidationproﬁlesdoesnotresultsfrom
the unique control of chemical reaction by oxygen diffusion (see
Eq.(8)),butalsofromtheUV-lightattenuationinthesamplethickness,
alsocalled“screeneffect”.Thiseffectresultsfrom:(i)theopacityofthe
semi-crystalline polymer, largely due to scattering or diffraction
phenomena, (ii) the absorption of light by photosensitive species.
Opacity remains almost constant along the course of oxidation
provided that morphology does not undergo noticeable changes
(i.e. that chemi-crystallization remains negligible). On the
contrary, the light absorption by chromophores increases with
the conversion degree of oxidation since, chromophores are
oxidation products. In this case, the light attenuation factor is
decoupled into a constant component accounting for opacity, i.e.
into a wavelength dependent coefﬁcient a(l) of lineic absorption,
and a variable component describing the light absorption by
chromophores using the Beer–Lambert’s law. When only one
sample face is exposed to UV-light, it comes:
8 t,
EzþdzðlÞ ¼ EzðlÞ½1 

aðlÞ þ lnð10Þ
X
j
chromophoric
species
ejðlÞ½Xj

Dz (19)
with Ez(l) the spectral irradiance (in W m2 nm1) at a depth z (in
m1) beneath the irradiated surface, a(l) the coefﬁcient of lineic
absorption (in m1), ej(l) the spectral distribution of molar
extinction coefﬁcient (in L mol1m1) and [Xj] the concentration
of a given photosensitive species Xj (in mol L1).
The spectral irradiance on the sample surface exposed to UV-
light is equal to the intensity of the light source:
8 t, for z = 0: Ez ! 0(l) =Elsource
In a ﬁrst approach, no reﬂectance coefﬁcient is introduced,
since most of the reﬂected light would not be specular but rather
diffuse, which means that the reﬂected light would have
penetrated in the material depth. These aspects would be
discussed in the second part of this study dedicated to thicker
specimens and optical phenomena.
3.3.4. Numerical resolution and computation
The coupling between oxygen diffusion and its chemical
consumption by the polymer in the sample thickness was directly
introduced into the SDE by using a ﬁnite difference method. The
sample thickness was discretized into N-1 elementary sublayers of
thickness Dz. The second derivative of the Fick’s second law
(for oxygen diffusion) was approximated by a central difference
expression. In contrast, the coupling of the SDE with the algebraic
equation (19), describing the UV-light attenuation in the sample
thickness, is much more complex and cannot be treated with the
common Matlab’s algorithms recommended for solving stiff
problems of chemical kinetics [45]. It requires the use of more
suitable algorithms which will be presented in a next publication. In
the ﬁrst approach, it was assumed that the contribution of oxidation
products such as chromophores to UV-light attenuation is minority
compared with the contribution of opacity (in ﬁlms of 100 mm thick,
their respective contributions are less than 0.3% and 	6%). Thus, the
SDE was solved numerically, using the ODE15s or ODE23s Matlab’s
algorithms and applying the initial and boundary conditions given
in Eqs. (18) and (19).
Let us remind that the value of oxygen solubility was taken in
the amorphous phase. Then, the real concentrations of all chemical
species in the semi-crystalline polymer wersee deduced from
the concentrations calculated in the amorphous phase by
multiplying them by the volumic fraction of amorphous
phase Va:
Va ¼ ð1  xcÞ 
rp
ra
(20)
with xc the crystallinity ratio (as measured by DSC), rp and ra
the respective densities of the semi-crystalline polymer (910 g L1)
and amorphous phase (854 g L1)
Since most of the physico-chemical analyses were done
throughout the sample thickness such as, for instance, FTIR
monitoring in transmission mode, the global concentrations of all
chemical species were averaged from the local values of the N-1
computational sublayers:
½XglobalðtÞ ¼
1
N  1
Zz¼N
z¼0
½Xðz; tÞdz (21)
4. Experimental results
4.1. Photothermal oxidation results
This work reports a substantial experimental campaign
of photothermal oxidation results (Figs. 2–6). These results
areunprecedented by the variety of both exposure conditions
and multiscale characterizations, all obtained on a unique
Fig. 2. Simulation of iPP photothermal oxidation in SEPAP with 2 UV-lamps at 45 C (a), 60 C (b) and 80 C (c). Symbols: experimental data; hydroperoxides; carbonyl
products; weight and number average molecular masses. Solid lines: kinetic modeling.
reference iPP whose specimens have been cautiously prepared.
This last speciﬁcity is of a great interest, since it enables to
minimize the material variability which might prevent from
studying accurately the effect of exposure conditions. The
experimental campaign includes exposures under different UV-
light sources, namely arc xenon and mercury lamps whose
intensities vary in a ratio from 1 to 35 in terms of efﬁcient energy
for damaging the material (i.e. in terms of absorbed energy). It
also includes the use of complementary analytical techniques,
giving an overall view of the oxidation chemistry, in order to
follow:
(i) Hydroperoxides involved in the main loop of the MCLMS,
(ii) Carbonyl species involved in the secondary loops of the
MCLMS and currently chosen as a relevant oxidation indicator
in the literature,
(iii) Double bonds (unsaturations) generated by disproportion-
ation in termination steps.
(iv) And weightandnumberaverage molecular massesrelatedtothe
concentrations of chain scissions S and crosslinks B via the
common Saito’s equations [46]:
Mw ¼ S2 2B þ
1
Mw0
 1
(22)
and
Mn ¼ S  B þ 1
Mn0
 1
(23)
It is relevant to precise here that chain scissions are often
considered as responsible for the alteration of both fracture and
aspect (in terms of whitening and loss of gloss) properties.
The kinetic modeling approach has been chosen here to study
the impact of exposure conditions (i.e. temperature and UV-light)
on the relative predominance of the oxidation mechanisms
proposed in the literature for describing the photothermal
oxidation of iPP.
4.2. Comparison with pure thermal oxidation
From Figs. 2–6, several comments can be made on the shape of
kinetic curves:
Fig. 3. Simulation of iPP photothermal oxidation in SEPAP with 4 UV-lamps at 45 C (a), 60 C (b) and 80 C (c). Symbols: experimental data; hydroperoxides; carbonyl
products; weight and number average molecular masses. Solid lines: kinetic modeling.
(i) Contrarily to pure thermal oxidation at the same temperature,
one can observe a very low value, and even sometimes the
absence, of induction period. Moreover, the extent of oxidative
degradation is an increasing function of both temperature and
UV-light intensity (i.e. number of UV-lamps in SEPAP devices),
although the impact of temperature seems to be much more
pronounced. No doubt, this complex combination between the
effects of temperature and UV-light intensity will constitute an
important validity criterion for the kinetic model.
(ii) The carbonyls concentration gradually grows with exposure
time up to the ﬁlm embrittlement. This ﬁnal value corresponds
approximately to that found for pure thermal oxidation at the
same temperature. This result suggests that ketones photolysis
(by Norrish 1 and 2 reactions) would be a minority against
other initiation steps for all the exposure conditions under
study.
(iii) In the same way, hydroperoxides accumulate over time, but
their concentration reaches a much lower ﬁnal value, typically
ranged between 0.05 and 0.10 mol L1 whatever the exposure
conditions. This value is much lower than the steady
concentration of hydroperoxides found for pure thermal
oxidation at the same temperature. Indeed, their steady
concentration is a decreasing function of temperature [30,47]:
in air, it is 0.6, 0.5 and 0.4 mol L1 at 80, 60 and 45 C
respectively. This result suggests that hydroperoxides photol-
ysis would be a source of radicals as important as hydro-
peroxides thermolysis for all the exposure conditions under
study. Thereby, it justiﬁes the MCLMS (Fig. 1) proposed for
describing the photothermal oxidation of polypropylene.
(iv) In contrast, Mn and Mwdecrease continuously over time, with a
sharpest drop at the end of the induction period. Contrarily to
pure thermal oxidation, where a shoulder was observed in the
molecular mass distribution at the end of the induction period,
especially at 60 C [30], there is no sign of crosslinking or
branching process. This result conﬁrms that the relative
predominance of chain scission over crosslinking is accentu-
ated for all the exposure conditions under study by the
existence of the additional initiation step of hydroperoxides
photolysis.
A ﬁrst interesting characteristic of the photothermal oxidation
is the concentration ratio between chain scissions (on main
polymer chain) and carbonyl products: S/[P¼O], i.e. gs/g1. It is
noteworthy that for sufﬁcient conversion degrees of oxidation (i.e.
typically for [P¼O] > 0.01 mol L1, a critical value above which the
sensitivity of spectrophotometry techniques does not generate
high experimental scattering), all datasets overlap irrespectively to
exposure conditions, including temperature, UV-light intensity
and sources (see Fig. 7). It was found that: gs/g1 = 0.97  0.05.
When neglecting crosslinking, this ratio decreases to 0.70  0.04, a
value to be compared with the value of 0.75 found in the case of
pure thermal oxidation for the same reference iPP, but also for a
compilation of literature data (see Table 4 in reference [30]).
A second interesting characteristic of the photothermal
oxidation is the concentration ratio between chain scissions (on
main polymer chain) and crosslinks: S/B (Fig. 8). It is found that
S/B = 10.6  1.0, a value to be compared to the value of
9.6  2.7 found in the case of pure thermal oxidation for the same
reference iPP [30]. This result tends to temper the role played by
the additional chain scissions on the embrittlement process of iPP
under UV-light exposure, especially at high irradiances.
4.3. Data scattering
The quality of experimental data can also be criticized. First of
all, the different datasets obtained by carbonyls monitoring enable
Fig. 4. Simulation of iPP photothermal oxidation in SEPAP with 6 UV-lamps at 60 C (a), 80 C (b). Symbols: experimental data; hydroperoxides; carbonyl products;
weight and number average molecular masses. Solid lines: kinetic modeling.
to apprehend the aging reproducibility, i.e. the suitable control of
both material variability and exposure conditions. Both datasets
are usually overlapped, except for certain samples, typically for
concentrations above 0.07 mol L1 (i.e. for moderate conversion
degrees of oxidation). Therefore, oxidation rate can suffer slight
deviations, presumably owing to the diffusion control of
oxidation (DLO) for the thickest samples exposed in the harshest
conditions.
Hydroperoxides titrations were also reproducible and consis-
tent over exposure time, but showed a higher experimental
scattering. This results can potentially come from: (i) the material
variability, (ii) the poor accuracy of the titration method or
procedure, given the low values of hydroperoxides concentration
to be determined, (iii) a waiting time not long enough to allow the
titration reagent to diffuse until the core of the thickest samples,
and (iv) a partial titration of all the hydroperoxide type species
responsible for the initiation of photothermal oxidation. Among
other types of hydroperoxides, one could mention peracids, whose
fast decomposition could govern the oxidation rate, but not the
length of the induction period [48,49].
5. Kinetic modeling and discussion
5.1. Optimization procedure - numerical simulations and
determination of unknown parameters
Many parameters are involved in the kinetic model for
photothermal oxidation of iPP. Those appearing only in the CLMS
(i.e. rate constants and yields of reactions 1u, 1b, and 2–6d) were
determined in a previous study from thermal aging experiments in
Fig. 5. Simulation of iPP photothermal oxidation in SEPAP with 8 UV-lamps at 60 C (a), 80 C (b). Symbols: experimental data; hydroperoxides; carbonyl products;
weight and number average molecular masses. Solid lines: kinetic modeling.
Fig. 6. Simulation of iPP photothermal oxidation in in Weather O’Meter (xenon lamp) at 64 C: experimental data; hydroperoxides; carbonyl products; weight and
number average molecular masses. Solid lines: kinetic modeling.
a large range of temperatures (60–140 C) and oxygen partial
pressures (0.02–5 MPa) [30]. Their values are reminded in Table 2.
It is important to precise that middle-chain (KA) and end-chain
ketones (KB) have not been differentiated from each other in the
previous study [30]. Indeed, the concentration changes in carbonyl
products were modeled by using an apparent yield g1 stemming
from FTIR monitoring at 1713 cm1. Obviously, the value of g1
should be kept unchanged at 0.5 in the present study in order to
ensure a perfect continuity with the thermal oxidation model. For
the same reason, the yield in chain scissions (on main polymer
chain) gS should be also kept unchanged at 0.5. In a ﬁrst approach,
their values can be deduced from the ratio: gS/g1 = 0.97  0.06
determined experimentally (see Fig. 7). Taking g1 = 0.5, it comes
effectively: gs = 0.48  0.03, which is very close to 0.5.
If this ﬁrst value of gs allowed simulating satisfactorily all the
kinetic curves of hydroperoxides concentration and average
molecular masses shown on Figs. 2–6, in contrast, the value of
g1 underestimated largely the concentrations of carbonyl products
(assumed to be exclusively composed of ketones). A possible
explanation could be that the distribution of carbonyl products is
different from pure thermal to photothermal oxidation, due to a
partial photolysis of ketones (by Norrish 1 and 2 reactions). In such
a case, the value of molar extinction coefﬁcient eP¼O conventionally
(but arbitrarily) ﬁxed at 300 mol L1 cm1 at 1713 cm1 in pure
thermal oxidation, should be reconsidered in photothermal
oxidation. Indeed, it should not be forgotten that, if the molar
extinction coefﬁcients of ketones is relatively low (typically
between 200 and 400 mol L1 cm1), whereas those of carboxylic
acids (650–850 mol L1 cm1) and esters are much higher (450–
600 mol L1 cm1).
For this reason, in a second approach, the values of g1 was ﬁxed
in agreement with the distribution of carbonyl products deter-
mined in the literature in photothermal oxidation [30,50–53], in
particular from the results of Carlsson and Wiles [1–3]. First of all,
g1 was increased up to 0.6, since it was reported that more than
half the alkoxy radicals undergo b scission [1,2]. Then, g01 and g
00
1
Fig. 7. Concentration of chain scissions S (determined by solving equation (22) and (23)) vs. concentration of carbonyl products (titrated by FTIR spectrophotometry at
1713 cm1) for iPP exposed in SEPAP (with 2, 4, 6 or 8 UV-lamps) at 45, 60 and 80 C, and in WOM (Xenon lamp) at 64 C.
Fig. 8. Concentration of chain scissions S vs. concentration of crosslinks B (determined by solving equations (22) and (23)) for iPP exposed in SEPAP (with 2, 4, 6 or 8 UV-
lamps) at 45, 60 and 80 C, and in WOM (xenon lamp) at 64 C.
were respectively ﬁxed at 0.27 and 0.33 knowing the concentration
ratio of 0.82 was determined between ketones A and B [1,2].
Once known the parameters of the CLMS, the objective was to
determine the additional effects of UV-light and their correspond-
ing parameters. Since the rate constants ki of the photo-induced
reactions can be written as follows: ki = Fi Ji, the spectral overlap
integrals Ji were calculated for each chromophore i under
consideration (according to the calculation procedure given in
Section 3.2.2), prior to determine the quantum yields Fi. There was
no additional adjustable parameter.
The values of Ji are reported in Table 3.
Then, the quantum yields of peroxide type species (i.e. fPOOH
and fPOOP) and ketones photolysis (i.e. fN1A, fN1B, fN2A, fN2B),
were determined by adjusting the concentration changes in
hydroperoxides, ketones/carbonyls and double bonds, but also
the changes in molecular masses. The value of fPOOH was ﬁxed
ﬁrst, since hydroperoxides are considered as the primary oxidation
products [3,55,56].
5.2. Relative predominance of initiating species
5.2.1. Hydroperoxides vs. ketones contribution
Surprisingly, small variations in fPOOH around its optimal value
have almost no effect on the kinetic curves of hydroperoxides. This is
presumablyduetothepresenceofseveral imbricatedclosed-loops in
the MCLMS, which makes the photothermal oxidation behavior
hardly predicable. fPOOH was thus adjusted basing mainly on the
changes in carbonyl products and molecular masses. Since ketones
KA and KB have been differentiated in the MCLMS, it was then
possible to study the impact of their respective quantum yields on
the overall photothermal oxidation kinetics. As observed experi-
mentally by Carlsson and Wiles [2], Norrish 1 and 2 reactions would
not have the same degree of sensitivity on ketones KA and KB.
The absence of Norrish 2 reaction on ketones A is understand-
able because it requires a peculiar chain conformation for having a
six-membered rearrangement. Indeed, this reaction would be
constrained in middle-chain due to bond tension, but favored at
chain extremities where methyl substituents could promote more
mobility. This assumption is in perfect agreement with the
literature ([2,15,34,44,51,57–59]) which generally reports values
of fN2 varying in the following order: end-chain > middle-chain >
side-chain, except for ketones formed in PE [15] (see Fig. A2 in
Supporting information). As an example, fN2 is twice higher for
end-chain (fN2 = 0.22) than for middle-chain ketones (fN2 = 0.11)
in 8-pentadecanone [60]. This result would be independent of
temperature or physical state (ﬁlm, solution, etc.) because of the
relatively high lifetime of the transient triplet state.
The lower value of fN1 for ketones KB than for ketones KA is also
in good agreement with the values reported in the literature
([2,15,58–62]) for end-chain and middle-chain ketones
(see Fig. A1 in Supporting information), but more difﬁcult to
understand particularly when considering that aldehydes also
undergo Norrish 1 reaction. The selective quenching of end-chain
ketones can be envisaged, but it would also prevent Norrish 2
reaction. These quantum yields were, thus assumed to be
independent from each other for the different kinds of ketones.
From this standpoint, a parametric study involving different
combinations of fPOOH on one side, and fN1A, fN1B, fN2A and fN2B
on the other side, has been performed with values ranging from 1
to 10 for POOH photolysis and 0 to 0.03 for Norrish type reactions.
The parametric study has been led preferentially in exposure
conditions where photochemical initiation is predominant over
thermal initiation, in order to enhance the sensitivity of quantum
yields. This optimization procedure was thus performed on the
SEPAP results obtained with 4 UV-lamps at 45 C.
Results are depicted in Fig. 9, for fN1B and fN2A set at zero.
Hydroperoxides concentration was highly sensitive to Norrish
1 reaction, unlike carbonyls concentration. From the changes in
hydroperoxides concentration, it can be concluded that fN1 must
be kept lower than 0.01. Similarly, all the ethylenic unsaturations
would come from termination reactions (in particular, dispropor-
tionation) and therefore, fN2 would be also lower than 0.01. It also
appears that the changes in molecular masses are weakly sensitive
to ketones photolysis with such low values of quantum yields. All
these results are consistent with the compilation of literature data
(see Figs. A1 and 2 in Supporting information).
Before concluding that the contribution of Norrish type reactions
can be neglected compared with hydroperoxides photolysis, it
remained to check that this result does not depend on the way whose
kinetic model is initialized, i.e. on the choice of the initial
concentrations in hydroperoxides [POOH]0 and ketones [KA]0 and
[KB]0. Indeed, in the previous kinetic submodel for pure thermal
oxidation [29], the initial amount of structural defects responsible
for the extrinsic initiation, that only predominates in the early
stages of oxidation, was successfully accounted by an (kinetically
equivalent) initial concentration in hydroperoxides [POOH]0. In
contrast, in the kinetic models of pure photooxidation developed by
Sommersal and Guillet [15] and Geuskens et al. [56], these defects
Table 2
Parameters used for kinetic modeling of iPP thermal oxidation [30] in the
photothermal problem.
Parameters Units P0 Ea (kJ mol1)
[POOH]0 mol L1 4 103 –
SamO2
mol L1 Pa1 2.5 106 6.7
DO2 m
2 s1 8.6  106 36.4
PeO2 cm
3 cm cm2 Pa1 s1 2.9  106 43.0
k1u s1 2.9  1013 140.7
k1b L mol1 s1 9.2  108 95.0
k2 L mol1 s1 3.0  109 10.0
k3 L mol1 s1 5.1 107 62.2
k4 L mol1 s1 1.0  1012 0
k5 L mol1 s1 4.5 1010 0
k6a L mol1 s1 2.0  1017 90.0
k6b s1 6.7  106 5.0
k6d s1 1.4 1012 41.0
g1 % 60 –
g01 % 27 –
g001 % 33 –
g4 % 0 –
g5 % 0 –
gs % 50 –
Table 3
Values of spectral overlap integrals (in Einstein mol1 s1) of hydroperoxides, ketones and alkyl peroxides and Ti catalysts for exposures to different UV-light sources
(calculated from absorption spectra given in references [1,54],[2] and [1] respectively).
Light source JPOOH JPO JPOOP JTicatalysts
SEPAP 12-24, 2 arc mercury lamps 4.92E-06 7.31E-05 8.40E-06 5.23E-03
SEPAP 12-24, 4 arc mercury lamps 1.07E-05 1.46E-04 1.68E-05 1.05E-02
SEPAP 50-24, 6 arc mercury lamps 2.54E-05 3.77E-04 4.33E-05 2.69E-02
SEPAP 50-24, 8 arc mercury lamps 5.53E-05 7.53E-04 8.67E-05 5.39E-02
WeatherO’Meter, xenon lamp 1.45E-06 2.25E-05 4.19E-06 1.49E-03
Philips TLK 05 lamp ﬂuorescent lamp [9] 1.45E-07 2.31E-06 4.71E-07 1.45E-04
were replaced by an initial concentration in ketones. In the present
case of photothermal oxidation, both types of initiating species have
to be considered. Given the large number of parameters involved in
the kinetic model of photothermal oxidation, the problem of
determining the most relevant chemical species appears as badly
conditioned. In order to ensure the continuity with the submodel of
pure thermal oxidation (and thus, the relevancy of the kinetic
modeling approach), the following strategy has been adopted. The
initial concentration in hydroperoxides was kept unchanged at
[POOH]0 = 4 103mol L1 for the same reference iPP. Thus, the
initial concentration in ketones was determined so as to account for
the potential surplus of the extrinsic initiation, induced by the
photosensitive species. In our case, it was checked that values
ranged from 0 to 103mol L1 for this last concentration has no
inﬂuence on simulations, presumably because the contribution of
Norrish type reactions to oxidation is negligible compared with
hydroperoxides photolysis.
5.2.2. Contribution of the photolysis of peroxide bridges (alkyl
peroxides)
In a previous paper [21], it was shown that alkyl-peroxides are
more photosensitive than hydroperoxides while their O—O bond is
almost as cleavable. Then, their photolysis must also occur. In a ﬁrst
approach, the value of fPOOP was set between 1 and the value
previously determined for fPOOH as upper boundary. As expected,
the introduction of the alkyl-peroxides photolysis induces a slight
decrease in the quantum yield of hydroperoxides photolysis fPOOH,
but has no inﬂuence on the quantum yields of Norrish type
reactions.
From all these results, it can be concluded that:
(i) The contribution of Norrish type reactions to iPP photothermal
oxidation is almost negligible. The ﬁndings with 4 UV-lamps at
45 C can be extended to the whole photothermal aging
conditions under investigation, since, primary processes are
independent of temperature as long as the quantum theory is
valid (i.e. for moderate UV-light intensities for which termo-
lecular reactions and multiphotonic excitations are negligible).
(ii) The consideration of alkyl-peroxides photolysis enables to
slightly decrease the value of fPOOH, but it is not indispensable
for simulating the experimental data.
5.3. Validity of the kinetic model
A single set of quantum yields was determined using the kinetic
model of photothermal oxidation as an inverse approach for all the
exposure conditions under study. However, it is relevant to be
precise that these latter conditions cover a domain where
photochemical initiation largely predominates (above 90%) over
thermal initiation, even in WOM device. This is the reason why the
validity of the kinetic model was also tested in intermediary
exposure conditions where both thermolysis and photolysis
contribute to initiation with a similar order of magnitude (as
evidenced in previous work [21]). As an example, the simulation of
the kinetic curves of carbonyl products reported by Audouin et al.
[55] for iPP exposed to ﬂuorescent lamp between 40 and 70 C is
presented in Fig. 10.
It is found that fPOOH ranges between 1.5 and 5.5 in the whole
domain of exposure conditions under investigation. The different
values are depicted in Fig. 11 in function of the spectral overlap
Fig. 9. Optimization of quantum yields for Norrish 1 and 2 reactions. Symbols: experimental data. Solid lines: kinetic modeling.
integral as abscissa. In most of cases, fPOOH belongs to the variation
domain of 4 1 (colored in red), in agreement with the
experimental ﬁndings of Carlsson and Wiles [1] and in general
agreement with the literature (see Table A1 in Supporting
information). This is an important result in favor of our kinetic
modeling approach. Indeed, it conﬁrms that the photo-thermal
oxidation of iPP can be satisfactorily described by extending the
common CLMS, in particular by introducing additional initiation
steps corresponding to the photolysis of peroxide type species.
It is also noteworthy that this value of fPOOH is twice lower than
the value found by using the analytical kinetic model (fPOOH = 8) in
a previous publication [21]. Since ketones and peroxide bridges
photolysis have been found to have negligible contribution to the
photothermal oxidation kinetics, most of the modeling improve-
ment comes from a better description of the coupling between
temperature and UV-light effects in the numerical kinetic model.
This is also noteworthy that this value is in perfect agreement with
the experimental ﬁndings of Carlsson and Wiles [1] whose
photochemical (e.g. molar absorptivity) and mechanistic charac-
teristics (e.g. concentration ratio of oxidation products) have been
reused in this study. Despite this improvement, values of fPOOH are
still too high, since they should not theoretically exceed unity in
the case of primary processes such as bond dissociation, thus
questioning on their physical meaning. Different explanations
were discussed by Carlsson and Wiles [1]:
(i) The probable underestimation of the corresponding molar
extinction coefﬁcient, which was estimated from model
compounds. These authors particularly highlighted the difﬁ-
culty to measure this quantity in hydrocarbon polymers, but
also the lack of knowledge on the impact of the polymer chain
length and polarity of reactive medium.
(ii) The existence of energy transfers, i.e. the photosensitization of
the hydroperoxides decomposition by ketones or catalyst
residues.
Both options could also explain the trend of fPOOH to decrease
when increasing the UV-light intensity (i.e. JPOOH), as materialized
by the dashed line in Fig. 11. Different other explanations can be
envisaged:
(i) The experimental data would not be enough accurate or
reliable for the highest irradiances (ultra-acceleration) despite
the careful control of exposure conditions. Indeed, the
temperature regulation turned out to be awkward, in
particular because of the fast oxidation kinetics. However,
this possibility is considered as unlikely, since the decreasing
trend of fPOOH is too obvious to be coincidental.
(ii) The occurrence of multiphotonic excitations (electronic
transitions up to orbitals higher than the LUMO) which would
ﬁnally reduce the average efﬁciency of quanta. This kind of
excitation would predominate above a critical value of light
intensity, which could potentially set an intrinsic validity
frontier for the kinetic model.
(iii) Other mechanistic considerations would be necessary in
order to properly describe the experimental results, particu-
larly in terms of nature and molecularity of chemical
reactions.
Moreover, one can observe that the kinetic model hardly
accounts for the curvatures of the kinetic curves of carbonyl
products at the end of the induction period. This auto-accelerated
character of photothermal oxidation is more particularly
highlighted at low (see, for instance, results of Girois [55] at
40 and 55 C in Fig. 10) and high irradiances (Figs. 5 and 6). It is
generally attributed to a predominant initiation by the bimolec-
ular decomposition of hydroperoxies. In photooxidation, this
bimolecular decomposition is a termolecular process (two
molecules with one quantum), and thus, is usually thought to
have a low probability of occurrence except in the case of high
irradiances (where quanta are in large excess compared with
molecular species), or in the case of formation of relatively stable
associations between two molecular species such as excimers/
exciplexes, or charge transfer complex (CT). Such molecular
ediﬁces, stabilized by hydrogen bonding as reversible interac-
tions, would include in the present case:
(i) Energy transfers from the highly photosensitive ketones to
very cleavable hydroperoxides, since associated in complexes.
This would be an argument in favor of the mechanism
proposed by Geuskens and Kabamba [63,64];
(ii) Photosensitization of hydroperoxides decomposition by cata-
lyst residues;
(iii) Bimolecular decomposition of hydroperoxides, associated in
pairs or constituting longer sequences, was shown to
predominate in the case of pure thermal oxidation at
low temperature. However, the yield in water
formation would suggests an unimolecular instead of a
bimolecular hydroperoxides decomposition by
Fig. 10. Simulation of carbonyl products build-up in iPP exposed to Philips TLK
05 ﬂuorescent lamp (spectral distribution with maximum at 365 nm) at 40, 55 and
70 C. Symbols: experimental data [55]. Solid lines: kinetic modeling.
Fig. 11. Quantum yields of hydroperoxides photolysis determined by inverse
resolution method. The domain colored in pink applies to the value proposed by
Carlsson and Wiles [1]. The hachured domain applies to the domain where the
kinetic model is presumably not valid anymore. (colors are available in the online
version)
photolysis (this argument was already used by Carlsson to
dismiss the assumption of radicals induced hydroperoxides
decomposition) [1].
Although, their complete kinetic treatment remains awkward,
our ﬁrst implementations of these reactions into the kinetic model
enable to dismiss the former option.
Furthermore, the kinetic model enables to calculate the
maximal rate of oxygen consumption, i.e. the steady oxidation
rate Rs. Unlike carbonyl products, oxygen is directly involved in the
MCLMS and its concentration does not depend on the choice of
apparent yields. The values of Rs were determined by the kinetic
model for all photothermal aging conditions under study. Then,
they were plotted vs. the spectral overlap integral relative to
hydroperoxides JPOOH in Fig. 12 in logarithm-logarithm coordi-
nates. It can be seen that these values are of the same order of
magnitude as those deduced from oxygen uptake measurements in
the literature [65–70].
A mean-square optimization procedure was applied to
determine the activation energy of photothermal oxidation:
71 kJ mol1. This value is slightly lower than the activation
energy found for pure thermal oxidation in a previous
study: 91 kJ mol1 (see literature compilation in reference
[30]).
Finally, a trend curve was tentatively determined. It was found
that the steady oxidation rate is proportional to spectral overlap
integral (i.e. UV-light intensity) at a power close to 1/2, in close
agreement with the usual analytical solution determined from the
basic auto-oxidation scheme in the literature [67,69,71]. It can be
thus written:
Rs ¼ K  J1=2  exp Ea=RT
 
(24)
These results conﬁrm the validity and good predictive value of
the kinetic model.
6. Conclusion
A general kinetic model has been proposed in order to describe
the oxidative degradation of polypropylene under the combined
effects of UV-light and temperature. The approach consists in
modeling the chemical changes of the material and then, to deduce
the subsequent changes in physico-chemical and mechanical
properties at upper scales by using suitable structure/property
relationships. The photochemical processes undergone by photo-
sensitive species, namely peroxide type species and ketones
photolysis, were added into the CLMS in order to introduce the
effect of UV-light. The photolysis kinetics was expressed by using
the spectral overlap integral, which accounts for the energy
absorbed by chromophores and initiates oxidation. The resulting
kinetic model couples chemical reactions with physical phenome-
na, such as the oxygen diffusion and light attenuation (screen
effect) due to sample opacity and formation of photo-sensitive
species. It aims to be fully consistent from a physical point of view
and valid for polychromatic UV-light sources and thick specimens.
Currently, this model is used as a research tool based on formal
kinetics. The consistency of the different photothermal aging
scenarios has been tested. The model parameters have been
determined by using the model as an inverse resolution method in
order to simulate, as well as possible, the concentration changes in
hydroperoxides, carbonyls and double bonds, but also the changes
in molecular masses. The model validity has been checked from a
substantial aging campaign involving tests on thin ﬁlms (100 mm
of average thickness) in two devices equipped with distinct
UV-light sources, namely SEPAP and WeatherO’Meter. Thus, it has
been possible to investigate:
(i) The competition between multiple initiating species. Norrish
1 and 2 reactions were shown to be negligible compared with
hydroperoxides photolysis.
(ii) The occurrence of energy transfers between these different
chemical species. Using the formal kinetic approach, it has
Fig. 12. Master curve at 60 C for the steady oxidation rates plotted as a function of the spectral overlap integral of hydroperoxides. Open symbols: kinetic model by inverse
resolution method; SEPAP (ML), 45 C; SEPAP (ML), 60 C; SEPAP (ML), 80 C WOM (XL), 64 C. Filled symbols: Oxygen uptake measurements from the literature in
photothermal oxidation: SEPAP 12–24 (ML), 60 C [66]; SunTester (XL), 45 C [70]; SEPAP (ML) at 40, 60, 65 C respectively [72]. High pressure mercury lamps (ML),
70 C [69]; high pressure mercury lamps (ML), between 60 and 75 C, [68]; and in thermal oxidation: 50–130 C [73]; 50–130 C [74]; 110–140 C [75]; 130 C,
[76]; 80 and 130 C [77,78]; 120–140 C [79–82]. Arrows indicate the variation range of steady oxidation rate in the case of pure thermal aging.
been shown that the experimental data are compatible with
the photosensitization of hydroperoxides by metal chelates
(catalyst residues), but not by ketones.
(iii) The consistency of assumptions on oxidation mechanisms,
photochemistry (independence of quantum yields upon
temperature, molecular weight of photosensitive species
and UV-light wavelength) and initial concentrations of
initiating species.
Finally, the optimization procedure has led to quantum yields of
hydroperoxides photolysis which are consistent with the experi-
mental ﬁndings of Carlsson and Wiles. In a ﬁrst approach, it can be
considered that the CLMS can be successfully extended to the case
of photothermal oxidation, but only in a restricted domain were
the quantum theory provides a suitable description of photo-
chemistry, i.e. for UV-light intensities not involving multiphotonic
excitations or termolecular processes.
This result suggests the existence of an upper boundary in the
validity range of the kinetic model corresponding to a critical
UV-light intensity of about 2  105 Einstein L1 s1, i.e. ten times the
UV-light intensity of sunlight (zenith, ﬁltered by the atmosphere).
Irrespectively to the photothermal aging conditions, the value
of fPOOH exceeds the theoretical maximum for primary processes
(fPOOH > 1), which is presumably ascribed to a misestimation of the
molar extinction coefﬁcient of hydroperoxides, or the photosensi-
tization of hydroperoxides by catalyst residues. The decrease in
FPOOH with UV-light intensity, as well as some evidences of
bimolecular photochemical decomposition of hydroperoxides
(termolecular photophysical process), suggest that the kinetic
model can still be improved.
The main advantage of the kinetic modeling approach is its
upgradability, which can be discussed regarding at the formal
kinetic approach. For instance, if some energy transfers occur, it
would be necessary to consider how they may be impacted by the
introduction of the effects of other chemical compounds such as
stabilizers like quenchers.
Clearly, similar models can be established for all types of
polyoleﬁns, but it would involve the same kind of difﬁculty, i.e. the
uncertainty on the nature and relative contribution of structural
defects to the initiation step of oxidation. Obviously, this kind of
kinetic model of photothermal oxidation would be advantageously
applied to other polymers for which the chromophores are clearly
identiﬁed and their photochemical characteristics measurable
with accuracy.
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